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In this letter we report the first experimental observation of temporal delay control of large-
spectral-bandwidth multimode laser pulses by means of electromagnetically induced transparency
(EIT). We achieved controllable retardation with limited temporal distortion of optical pulses with
an input spectral bandwidth of 3.3 GHz. The experimental results compare favorably with theoret-
ical predictions.
In recent years the number of experiments aiming at the
reduction of the group velocity of laser pulses propagat-
ing through material media has been growing steadily.
The interest in this research field concerns both fun-
damental issues (basic physical laws of laser-matter in-
teraction) and applications to all-optical technologies.
Many schemes have been proposed and experimentally
realized, based on effects such as electromagnetically in-
duced transparency (EIT) [1], coherent population oscil-
lations [2, 3], stimulated Brillouin and Raman scatter-
ing [4, 5, 6, 7, 8], spectral hole burning [9] and dou-
ble absorbing resonances [10, 11]. The possibility to
coherently control not only the propagation velocity of
laser pulses, but also their temporal shape [12], probably
makes systems based on EIT the most promising for the
design of all-optical delay lines and buffers with very fast
temporal switching. So far, experimental observation of
controllable temporal delay by means of EIT has been
reported only for narrowband Fourier-transform-limited
optical pulses, where the spectral bandwidth δω is in-
versely proportional to the pulse temporal duration δt.
However, such condition is not strictly necessary in digi-
tal optical communications. Therefore, in order to study
the limitations of techniques based on EIT, it appears of
evident interest to investigate also the possibility of tem-
poral delay control of multimode non Fourier-transform-
limited laser pulses.
In this letter we report what, to the best of our knowl-
edge, is the first experimental observation of delay control
by EIT of large-spectral-bandwidth multimode dye laser
pulses. We show how EIT holds the potential to achieve
controllable retardation of laser pulses with a spectral
bandwidth as large as 3.3 GHz.
Figure 1 shows our experimental apparatus and, in
the top-left inset, the atomic levels and the transitions
involved. The three-level ladder scheme in sodium in-
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FIG. 1: Experimental setup. ECDL: extended-cavity diode
laser. ND: neutral-density filter. DM: dichroic mirror. GP:
glass plate. PD: photo-diode. OSC: Digital oscilloscope. Top-
left inset: scheme of sodium levels involved.
volves the atomic states |1〉 = |2p63s J = 1/2〉, |2〉 =
|2p63p J = 1/2〉 and |3〉 = |2p63d J = 3/2〉. The
probe field at λp ≃ 589.76 nm, resonant with the tran-
sition |1〉 - |2〉, is provided by a commercial frequency-
tunable multimode dye laser (Quantel TDL50) pumped
by a frequency-doubled Q-switched Nd:YAG laser at a
repetition rate of 10 Hz. The dye laser pulses have
a measured spectral bandwidth δω/2pi = 3.3 GHz and
a multi-peak temporal structure of several nanoseconds
of duration. The temporal evolution of a typical laser
pulse is reported in Fig. 2(a). The coupling field at
λc ≃ 818.55 nm, resonant with the transition |2〉 - |3〉,
is provided by a home-made laser, since no commercially
available devices exist with the required characteristics,
2i.e. frequency tunability, single-longitudinal-mode op-
eration (for temporal smoothness) and adjustable pulse
duration. The choice was that of a titanium-sapphire
(Ti:S) ring cavity pumped by another frequency-doubled
Q-switched Nd:YAG laser and injection-seeded by a Top-
tica DL100 single-mode CW extended-cavity diode laser
(ECDL) [13]. The single-mode emission of the ECDL
can be tuned in wavelength within the emission band-
width of the diode laser (typically a few nm). Both
the wavelength of the CW injection-seed from the ECDL
and the wavelength of the pulsed emission from the Ti:S
cavity are monitored using a high-diffraction-order spec-
trometer (Coherent Wavemaster) with an accuracy of 5
pm. The sodium sample is contained in a cylindrical
cell, heated up to several hundreds degree Celsius for a
length L = 1 m. All measurements have been carried
out at a temperature of 250◦ Celsius, corresponding to
an independently measured value of the density-length
product of 2.0×1015 cm−2. The two laser beams are lin-
early polarized along the same direction and they overlap,
both temporally and spatially, inside the cell. A counter-
propagating configuration was arranged in order for the
effect of Doppler broadening to be reduced. The tem-
poral synchronization of the laser pulses was obtained by
mutually adjusting the triggers of the two Nd:YAG pump
lasers. The length of the ring cavity of the control laser
was chosen in such a way to obtain a pulse temporal du-
ration much longer than that of the probe pulse. For a
cavity length of 145 cm a temporal duration full-width
at half-maximum (FWHM) for the control pulse of 62 ns
was obtained. For such a value, the control field can be
considered sufficiently constant in time upon propagation
of the laser pulses along the cell. The probe beam has
a slightly elliptical profile with a 2-mm mean diameter,
while the overlapping control beam has a homogeneous
circular profile with a 4-mm diameter.
All the measurements have been done with a probe
pulse energy Ep ≃ 30 nJ, corresponding to a peak inten-
sity inside the cell of approximately Ip ∼ 100 W/cm
2,
while, in order to obtain various delays, we have varied
the energy of the control pulse from Ec ≃ 0.3 mJ to
Ec ≃ 7 mJ, corresponding to peak intensities inside the
cell varying from Ic ≃ 30 kW/cm
2 to Ic ≃ 700 kW/cm
2.
The detection system is constituted by a fast photodiode
(Antel Optronix PIN) and a digital sampling oscilloscope
(Tektronix TDS7704B, 7 GHz, 20 GSa/s). The overall
temporal response of the system has been measured to be
Gaussian-shaped with a FWHM of 116 ps, when tested
with a sup-picosecond laser pulse. The value is sufficient
to resolve the temporal features of the probe pulse. As
shown by Fig.1, a fraction of the probe laser beam is re-
flected from a glass plate before entering the cell, in order
to be used as a reference pulse to measure the delay. The
reference pulse is sent to the detection system together
with the main part of the probe pulse that exits the cell.
The lengths of the two optical paths are adjusted in order
to be able to detect the two pulses with the same detector
without temporal overlapping. With this configuration,
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FIG. 2: The upper and lower graphs show, respectively, the
probe laser pulse at the input and at the output of the cell.
Relative delay, transmission and likeness for this pulse are,
respectively, ∆t = 3.4 ns, T = 0.57 and L = 0.90).
several measurements of temporal delay and energy ab-
sorption of the probe pulse were realized changing the
control laser intensity.
Figure 2 shows an example of a comparison between a
pulse as it enters (top graph) and exits (bottom graph)
the cell. It can be seen that the main temporal features
of the pulse are preserved after propagation through the
cell. A moderate broadening of these features can be ob-
served, indicating that the spectral wings of the probe
field are slightly affected by the propagation through the
delay line. In Fig. 3(a) the measured transmission T is
reported as a function of the measured relative delay ∆t
due to the effect of EIT. We report pulse delays up to
∆t = 8.9 ns. The experimental data are in good agree-
ment with the theoretical curve [14]:
T = exp(−2γ13∆t) (1)
where γ13 is the decoherence rate of the two-photon tran-
sition 1-3. A best fit provides for the dephasing rate the
value γ13 = 1.1×10
8 rad/s, which is compatible with the
combined contributions of radiative decay and collisional
effects due to residual gases in the cell.
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FIG. 3: Transmission (a) and likeness (b) as a function of
the pulse delay. The full circles with error bars are the ex-
perimental data. In (a) the continuous curve is a fit of the
experimental data using the theoretical expression 1. In (b)
the dashed lines represent the results of a theoretical calcula-
tion (see text for details).
An important parameter characterizing optical delay
lines is the delay-bandwidth product DBP, given by the
product of the spectral bandwidth δω of the optical field
carrying the information, times the temporal delay accu-
mulated upon propagation in the line: DBP = ∆t× δω.
In the top-horizontal axis of Fig. 3 we report the very
high values ofDBP that we obtain in our experiment (up
to a maximum of 183). Besides theDBP , another impor-
tant parameter is the temporal shape distortion suffered
by the optical pulse. For single-mode smooth pulses, the
FWHM temporal width is an adequate parameter to de-
scribe their temporal shape and the broadening factor
a commonly used parameter to characterize the tempo-
ral distortion suffered upon propagation in the line. On
the contrary, for laser pulses with the multi-peak tem-
poral structure shown in Fig. 2, a much more adequate
parameter is the likeness L , defined as:
L (I1, I2) = 1−
∫ +∞
−∞
[I1(t)− I2(t)]
2 dt
∫ +∞
−∞
I21 (t) dt+
∫ +∞
−∞
I22 (t) dt
(2)
where for our case I1(t) = Ip(z = 0, t) and I2(t) = Ip(z =
L, t − L/c − ∆t)/T . With this definition, L varies be-
tween 0 and 1 and its value for two identical pulses is
L = 1. This quantity is reported as a function of the
relative delay ∆t in Fig. 3(b), where the experimental
data (full circles) are compared with the results of a nu-
merical simulation. The numerical results are obtained
by integrating the probe pulse propagation equation for
constant coupling field in the presence of Doppler broad-
ening [15]. The spectrum of the input probe field is gen-
erated as the superposition of a series of Gaussian modes
with a 3.3-GHz wide Gaussian envelope. The modes are
separated from each other by 0.5 GHz and each of them
has a width of 0.15 GHz with a different random con-
stant phase. With these choices the temporal shape of
the obtained pulses reproduce quite well the main fea-
tures of the real pulses generated by the multimode dye
laser. We observe that the theoretical values of L for a
given ∆t are ‘dispersed’ over a broad range due to the
different spectral phase of each pulse at the cell input.
In order to show these variations, we chose to report two
curves (dashed lines in Fig. 3(b)), representing the val-
ues Lm + σL and Lm− σL , where Lm and σL are the
mean value and the standard deviation resulting from the
propagation of 500 pulses with different randomly gener-
ated initial spectral phases. The experimental data are in
satisfactory agreement with the theoretical calculations,
particularly so if we consider that the theoretical curves
in Fig. 3(b) do not use any free parameter.
In summary, we presented the first experimental
demonstration of controllable delay of large-spectral-
bandwidth multimode laser pulses using EIT. We man-
aged to delay by several nanoseconds and with limited
temporal distortion pulses with an input spectral band-
width of 3.3 GHz. These results provide useful informa-
tion about the potential of systems based on EIT for the
purpose of designing all-optical delay lines and buffers
with very fast temporal switching.
All the experimental work reported in this study was
carried out in the laboratories of the Department of
Physics of the University of Florence.
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